Introduction
High-tech large-scale sequencing projects have identified a massive number of amino acid sequences for both known and putative proteins, but information on the three-dimensional (3D) structures of these proteins is limited. Several structure databases, such as the Structural Classification of Proteins (SCOP (Andreeva et al., 2008) , release version 1.73) and the Class, Architecture, Topology, and Homologous superfamily (CATH (Cuff et al., 2009 ), release version 3.2.0), contain fewer than 60,000 entries in the Protein Data Bank (PDB (Berman et al., 2000) , released on 12 May, 2009 ). This number of entries constitutes only about 15% of entries in Swiss-Prot (Bairoch et al., 2004) , release version 57.2, with more than 400,000 entries). Either X-ray diffraction or NMR can be used to determine the 3D structure of a protein, but each method has its limitation (Dubchak et al., 1995) . As such, extracting structural information from sequence databases is an important and complementary alternative to these experimental methods, especially when swiftly determining protein functions or discovering new compounds for medical or therapeutic purposes. From ASTRAL SCOP 1.73, it has been estimated that ~10% of known enzymes have triosephosphate isomerase (TIM) barrel domains. Moreover, TIM barrel proteins have been identified in five of six enzyme classes, oxidoreductases, transferases, hydrolases, lyases and isomerases, in the Enzyme nomenclature (ENZYME (Bairoch, 2000) , released on 5 May, 2009) database; the ligases class does not contain TIM barrel protein. TIM barrel proteins are diverse in sequence and functionality and thus represent attractive targets for protein engineering and evolutionary studies. It is therefore important to examine TIM barrel protein domain structure classification in SCOP and ENZYME. In SCOP, there are six levels of hierarchy: class, fold, superfamily, family, protein domain and species. The classification of protein structures has, more recently, been facilitated by computer-aided algorithms. Previous research (Chou & Zhang, 1995; Dubchak et al., 1995; Lin et al., 2005 Lin et al., , 2007 has shown that an overall prediction accuracy rate of 70-90% can be 2. Materials 2.1 TIM barrel proteins from ASTRAL SCOP 1.71 Two data sets, TIM40D and TIM95D, were used to evaluate the proposed PBH and BHPB alignment strategies. TIM40D contains 272 TIM barrel protein domain sequences (abbreviated to TIM sequences) extracted from the 40D set in ASTRAL SCOP 1.71, in which any two proteins must have ≤40% sequence identity based on PDB SEQRES records. TIM95D contains 439 TIM sequences extracted from the 95D set in ASTRAL SCOP 1.71, in which any two proteins must have ≤95% sequence identity based on PDB SEQRES records. For TIM40D and TIM95D, we directly retrieved amino acid sequences and 3D structures from ASTRAL SCOP 1.71 but excluded redundant and possible mutant data. Secondary structure information for each TIM barrel protein with eight states (H, I, G, E, B, S, T and _) was first derived from the digital shape sampling and processing (DSSP (Kabsch & Sander, 1983) ) program. Then the eight states for each TIM barrel protein were then reduced to three states (H, E and C) The sum of N40D and N95D are 274 and 442, respectively. TIM sequences: "d1pii_2" and "d1pii_1" in TIM40D and TIM95D have multiple EC numbers for class categories; "d1b9ba_" and "d1jvna1" in TIM95D have multiple EC numbers for class categories Table 3 . Non-redundant data sets, TIM40D and TIM95D, of class categories in ENZYME according to the scheme outlined by Jones (Jones, 1999) . The TIM sequence "d1cwn_" (SCOP id) in TIM95D was excluded because of lack of secondary structure information (only 438 TIM sequences in TIM95D were tested). The TIM barrel proteins (from ASTRAL SCOP 1.71 and the Universal Protein Resource (UniProt (Bairoch et al., 2005) )) for each of TIM40D and TIM95D were classified into 32 superfamily categories, 91 family categories and 5 class categories (Tables 1, 2 and 3; supplemental Table S1 (Chu, 2011) ).
Novel TIM barrel proteins from ASTRAL SCOP 1.73
Novel TIM barrel proteins from ASTRAL SCOP 1.73 that do not exist in ASTRAL SCOP 1.71 were also tested. The intersection among the TIM barrel proteins from ASTRAL SCOP 1.71 and 1.73 for TIM40D (Figure 1(A) ) and TIM95D (Figure 1(B) ) are shown. 
Results and discussion

Performance analysis
The standard percentage prediction accuracy rate Q i (Rost & Sander, 1993) 
where n i is the number of test proteins in the ith superfamily/family/class category and p i is the number of test proteins being correctly predicted in the ith superfamily/family/class. The overall prediction accuracy rate Q is given by
where q i = n i /K, where K is the total number of test proteins. Q i is equivalent to Recall (Gardy et al., 2003) , which is defined as
where TP i (true positives) is the number of correctly predicted proteins in the ith superfamily/family/class category, and FN i (false negatives) is the number of missed proteins in the ith superfamily/family/class category. Precision (Gardy et al., 2003) was also used to evaluate the proposed alignment approach. Precision is defined as
where FP i (false positives) is the number of pseudo proteins predicted in the ith superfamily/family/class category. In addition, the Matthews Correlation Coefficient (MCC for short) (Matthews, 1975) value will decrease when a score, which is higher or lower than the threshold given in Table  5 , is assigned as the threshold. For TIM40D, the best Q value (84.2%) for the superfamily classification is derived according to secondary structure identity, 76.1% for the family classification is derived according to sequence identity and 48.2% for the class classification is derived according to sequence identity ( Table 5 ). The Q value of 48.2% for the class classification is not valid. In TIM40D, 67 of 274 TIM sequences with undefined class categories (derived from UniProt) were initially assumed to be false negatives before the test (see Discussion). Using amino acid sequence or secondary structure information, the PBH alignment strategy yields results as good as SSEF (footprint information). This alignment approach will be useful for TIM barrel proteins lacking 3D structure information. Moreover, for the class classification, the Q value of 48.2% is better than the Q value of 35% (under Rank 1 condition) by a non-alignment method proposed by Dobson and Doig (Dobson & Doig, 2005) . For TIM95D, the best Q value (93.2%) for the superfamily classification is derived according to secondary structure identity, 90.0% for the family classification is derived according to sequence identity and 65.2% for the class classification is derived according to secondary structure identity. Similarly, for the class classification, 91 of 442 TIM sequences with undefined class categories in TIM95D were initially assumed to be false negatives before the test. Overall, the Q values of the PBH alignment strategy using secondary structure information are similar to those using amino acid sequence information in TIM40D and TIM95D. For practical purposes, however, it may be best to use only amino acid sequence information. In addition, the Q values of the PBH alignment strategy using the RMSD do not yield valid results. The RMSD (global alignment result in this chapter) may not be a valid feature for the alignment approach to perform TIM barrel protein domain structure classification. In Table 5 , the threshold is too low for sequence identity, suggesting that the sequence identity of the target and its selected proteins (within the same category) is low. When the threshold is set higher than the above sequence identity, the target protein becomes a false negative and then the Q value under the "no threshold" condition will decrease. The threshold is high for secondary structure identity, suggesting that the secondary structure identity of the target and its selected proteins (within the same category) is high. These results imply that although TIM barrel proteins have diverse sequences they have very similar secondary structures. This inference matches the recent observation for the TIM barrel proteins. Tables 6 and 7 show overall Q and Precision values for various categories in TIM40D and TIM95D from ASTRAL SCOP 1.71, respectively. Only the categories with more than ten TIM sequences are listed; tests for RMSD were omitted because the results were invalid. In Tables 6 and 7 , the threshold is determined with the best Precision value without decreasing the Q value, which is achieved without a threshold. Precision values with the threshold outperform or are equals to those without the threshold. However, it is very difficult to determine the appropriate threshold to obtain the best Precision value for routine alignment practices. This problem may be omitted by the BHPB strategy to reduce the number of false positives. (Table 6 ). All of family categories except for FMN-linked oxidoreductases had Q values above 76.1%. Only one of the class categories, Transferases, had a Q value below 48.2%. For the superfamily categories, Ribulose-phosphate binding barrel, (Trans)glycosidases and Metallo-dependent hydrolases, the Q values derived according to sequence identity were better than those derived according to secondary structure identity. In contrast, the Q values of Aldolase, Enolase C-terminal domain-like and Phosphoenolpyruvate/pyruvate domain derived according to secondary structure identity were better than those derived according to sequence identity. FMN-linked oxidoreductases yielded the same Q values based on sequence identity and secondary structure identity. For the family category, Type II chitinase had a better Q value derived according to sequence identity than derived according to secondary structure identity. Amylase, catalytic domain and Class I aldolase produced better Q values derived according to secondary structure identity than derived according to sequence identity. Tryptophan biosynthesis enzymes, FMN-linked oxidoreductases, beta-glycanases and D-glucarate dehydratase-like had the same Q values derived according to sequence identity and secondary structure identity. For the class categories, the Q values of Hydrolases and Lyases derived according to sequence identity were better than those derived according to secondary structure. Oxidoreductases and Isomerases yielded better Q values derived according to secondary structure identity than derived according to sequence identity. The remaining category, Transferases, had the same Q values derived according to sequence identity and secondary structure identity. These results demonstrated that the proposed PBH alignment strategy is more useful for certain TIM barrel proteins than others. In TIM95D superfamily categories, FMN-linked oxidoreductases and Metallo-dependent hydrolases yielded Q values less than 93.2% (Table 7) ; others all yielded Q values above 93.2%. All of family categories obtained Q values above 90.0% and no class category obtained Q values below 65.2%. For the superfamily categories, Ribulose-phosphate binding barrel, FMN-linked oxidoreductases and Metallo-dependent hydrolases, and for the family categories, FMN-linked oxidoreductases and Type II chitinase, the Q values derived according to sequence identity were better than those derived according to secondary structure identity. For other superfamily and family categories, the same Q values were obtained using sequence identity and secondary structure identity. For the class categories, Transferases, Hydrolases and Isomerases had better Q values derived according to secondary structure identity than those derived according to sequence identity; Lyases had a better Q value derived according to sequence identity than that derived according to secondary structure identity. The last category, Oxidoreductases, produced the same Q values derived according to sequence identity and secondary structure identity.
Method
Estimating stability using the PBH alignment strategy
Novel TIM sequences in TIM40D (n=52) and TIM95D (n=67) from ASTRAL SCOP 1.73 were used to estimate the stability of the proposed PBH alignment strategy. Table 8 presents the overall Q values for novel TIM sequences. The definition and observation of the threshold in Table 8 is the same as that in Table 5 . In Table 8 , the best Q values for the superfamily, family and class classifications in TIM40D and TIM95D from ASTRAL SCOP 1.73 were derived according to sequence identity. For TIM40D, the best Q value was 94.2% for superfamily, 90.4% for family and 40.4% for class; for TIM95D, the best Q value was 91.0% for superfamily, 88.1% for family and 47.8% for class. Similarly, for the class classification, 20 of 52 (TIM40D) and 25 of 67 (TIM95D) novel TIM sequences with undefined class categories were initially assumed to be false negatives before the test (see supplemental Table S3 (Chu, 2011) ). These results suggest that the proposed PBH alignment strategy is stable and suitable for TIM barrel protein domain structure classification.
Method
Sequence identity Secondary structure identity RMSD 
Alignment strategy with the BHPB strategy
The high Q value derived according to sequence identity using the PBH alignment strategy can decrease the false positives via the homologous finding method. PSI-BLAST is an established method that detects subtle relationships between proteins that are structurally distant or functionally homologous owing to a position-specific scoring matrix generated from multiple alignments of the top-scoring BLAST responses to a given query sequence. The PSI-BLAST package was integrated into the NCBI standalone BLAST package (Altschul et al., 1997) . All of our tests were implemented using Perl combined with the CPAN bioperl package (http://www.cpan.org/). Table 9 presents the overall Q values for TIM sequences in TIM40D and TIM95D from ASTRAL SCOP 1.71 using PSI-BLAST as a filter. The definition and observation of the threshold in Table 9 is the same as that in Table 5 . For TIM40D (Table 9) , the best Q values acquired according to sequence identity were 76.1% for superfamily, 73.9% for family, and 41.6% for class. For TIM95D, the secondary structure identity was used obtain the best Q value of 62.2% for class, whereas sequence identity was used to obtain the best Q values for superfamily (88.8%) and family (88.4%). Based on Tables 5 and 9 , the Q values obtained using the BHPB alignment strategy were slightly lower than those obtained using the PBH alignment strategy. The lower Q values may be a consequence of proteins for which no homolog was found using PSI-BLAST method; such proteins were thus false negatives. Although the overall Q values using the PBH alignment strategy were higher than those using the BHPB alignment strategy, Precision values obtained using the BHPB alignment strategy were higher than those using the PBH alignment strategy. Tables 10 (TIM40D from ASTRAL SCOP 1.71) and 11 (TIM95D) show the overall Q and Precision values for TIM sequences within various categories. The definitions of the threshold in Tables 10 and 11 are the same as that in Tables 6 and 7 , respectively.
Q analysis
In Table 10 , for the superfamily categories, the same categories as those observed in 
Precision analysis
In Tables 10 and 11 , Precision values with the threshold were higher or equal to those without the threshold, thus making it difficult to determine the feasible threshold to obtain the best Precision value for routine alignment practices. However, the differences between Precision values with and without the threshold were greatly reduced by using the BHPB alignment strategy with the exception of Hydrolases of TIM40D. Using the BHPB alignment strategy in TIM40D, the average Precision values without the threshold were 96.7% for superfamily, 97.8% for family, and 68.5% for class (Table 10 ). Using the BHPB alignment strategy in TIM95D, the average Precision values without the threshold were 99.8% for superfamily, 99.7% for family, and 84.4% for class (Table 11 ). The best average Precision values were derived according to sequence identity. The PSI-BLAST method in the BHPB alignment strategy can filter out some of the false positives. Figures 2 and 3 increase in Precision values for TIM40D and TIM95D from ASTRAL SCOP 1.71 using the BHPB alignment strategy as compared to the PBH alignment strategy, respectively. The increase in Precision values was computed by comparing the results shown in Tables 6, 7, 10  and 11 (see supplemental Table S4 (Chu, 2011) ). Based on Figures 2 and 3 , Precision values for almost all categories improved when using the BHPB alignment strategy. The average increases in Precision values for TIM40D using sequence identity were 16.8% for superfamily, 16.7% for family and 8.1% for class. The average increases in Precision values using secondary structure identity were 7.1% for superfamily, 9.5% for family and 7.0% for class. The average increases in Precision values derived according to sequence identity were higher than those derived according to secondary structure identity for TIM40D and TIM95D. Thus, the BHPB alignment strategy yields higher Precision values than the PBH alignment strategy. Figure 4 presents the MCC measures of (1) the PBH alignment strategy derived according to sequence identity (PBH(1D) for short), (2) the PBH alignment strategy derived according to secondary structure identity (PBH(2D) for short), (3) the BHPB alignment strategy derived according to sequence identity (BHPB(1D) for short) and (4) the BHPB alignment strategy derived according to secondary structure identity (BHPB(2D) for short) for TIM40D and TIM95D from ASTRAL SCOP 1.71, respectively. (see supplemental Table S5 Using the PBH and BHPB alignment strategies, all of the superfamily categories had MCC scores greater than 0.7 except Metallo-dependent hydrolases when using the BHPB alignment strategy (Figure 4(A) ); Ribulose-phosphate binding barrel, Enolase C-terminal domain-like, and Phosphoenolpyruvate/pyruvate domain had MCC scores greater than 0.9. All of the family categories had MCC scores greater than 0.7; Tryptophan biosynthesis enzymes, Amylase, catalytic domain, beta-glycanases, Type II chitinase, and D-glucarate dehydratase-like had MCC scores greater than 0.9. All of the class categories had MCC scores between 0.3~0.7, which is not an optimal score. From Figure 4 (B), all of the superfamily and family categories had MCC scores greater than 0.7; 13 categories had the optimal MCC score (+1), indicating perfect prediction quality. All of the class categories had MCC scores between 0.5~0.9. The above results demonstrate that the proposed PBH or BHPB alignment strategy yielded high prediction quality for TIM barrel protein domain structure classification.
MCC analysis
Discussion
Here we further investigate why the alignment approach with the PBH or BHPB strategy is not sufficient to classify the class category. For the above experiments, all of the EC annotations for TIM sequences in TIM40D and TIM95D from ASTRAL SCOP 1.71 and 1.73 were derived from UniProt. There are 24.5% TIM40D (67 of 274) and 20.6% TIM95D (91 of 442) TIM sequences listed as undefined in class from ASTRAL SCOP 1.71; there are 38.5% TIM40D (20 of 52) and 37.3% TIM95D (25 of 67) novel TIM sequences listed as undefined in class from ASTRAL SCOP 1.73. These TIM sequences with undefined class categories were initially assumed to be false negatives before the test. Therefore, the Q values for class obtained by the PBH or the BHPB alignment strategy derived according to sequence identity or secondary structure identity is poor. However, the ENZYME functions of some of these TIM sequences with undefined class categories derived from UniProt have been described in PDB. Thus, the EC annotations derived from PDB were integrated into TIM40D and TIM95D from ASTRAL SCOP 1.71 and 1.73 (see supplemental Table S3 (Chu, 2011) ), and the above experiments for the class classification were repeated. After the PDB integrations, 13.6% TIM40D (38 of 279) and 11.1% TIM95D (50 of 450) TIM sequences remained undefined from ASTRAL SCOP 1.71; further, 11.5% TIM40D (6 of 52) and 9.0% TIM95D (6 of 67) novel TIM sequences remained undefined from ASTRAL SCOP 1.73. These six novel TIM sequences were identical in TIM40D and TIM95D from ASTRAL SCOP 1.73. Figure 5 compares the Q values for TIM40D and TIM95D from ASTRAL SCOP 1.71 with UniProt and PDB EC annotations using the PBH and BHPB alignment strategies. (see supplemental Table S6 (Chu, 2011 )) The Q values for the class classification using the PBH and BHPB alignment strategies improved after integrating the PDB EC annotations. By integrating the PDB EC annotations, some of the false negatives from UniProt were eliminated. The alignment approach using either the PBH or BHPB strategy was useful for the class classification. For TIM40D, the best Q value of 62.0% (an increase from 48.2%) for class was derived according to sequence identity or secondary structure identity using the PBH alignment strategy; the best Q value of 53.4% (an increase from 41.6%) for class was derived according to sequence identity using the BHPB alignment strategy. For TIM95D, the best Q value of 78.2% (an increase from 65.2%) for class was derived according to secondary structure identity using the PBH alignment strategy; the best Q value of 72.9% (an increase from 62.2%) for class was derived according to sequence identity or secondary structure identity using the BHPB alignment strategy. For the novel TIM sequences in TIM40D and TIM95D from ASTRAL SCOP 1.73, the best Q values were 73.1% (TIM40D) and 79.1% (TIM95D) using the PBH alignment strategy (see supplemental Table S6 (Chu, 2011) ). The Q values for TIM95D. Superscript 'a' or 'b' indicates TIM sequences available using only UniProt EC annotations or TIM sequences available using UniProt and PDB EC annotations. Table 12 presents MCC scores for TIM sequences in TIM40D and TIM95D from ASTRAL SCOP 1.71 with UniProt and PDB EC annotations using the PBH and BHPB alignment strategies. All of the class categories had MCC scores between 0.4~0.8 in TIM40D; greater than 0.7 in TIM95D; Oxidoreductases and Lyases also had MCC scores greater than 0.9 using the BHPB alignment strategy. Hence, the proposed PBH or BHPB alignment strategy also yielded high prediction quality for class. Table 12 . MCC scores for TIM40D and TIM95D (ASTRAL SCOP 1.71) with UniProt and PDB EC annotations 3.5.3 Inferring ENZYME function for TIM barrel proteins with undefined class categories After integrating the PDB EC annotations into the above tests, there remained 38 (TIM40D) and 50 (TIM95D) TIM sequences with undefined class categories from ASTRAL SCOP 1.71; 6 novel TIM sequences had undefined class categories from ASTRAL SCOP 1.73. Therefore, we used the proposed alignment approach to infer the ENZYME functions for TIM barrel proteins with undefined class. We first assessed the classification results of the class categories by the PBH alignment strategy for TIM sequences in TIM40D and TIM95D from ASTRAL SCOP 1.71 with UniProt and PDB EC annotations. We found that the target protein and its selected protein belong to the same superfamily category for most of the true positives identified in the alignment. Table 13 . Statistical results for true positives and false negatives for class using the PBH alignment strategy Overall, 58% (of 279) and 76% (of 450) of the target and its selected proteins belonged to the same superfamily and class categories derived according to PBH(1D) in TIM40D and TIM95D, respectively. Similar observations were made based on PBH(2D) in TIM40D and TIM95D. We observed 19 (PBH(1D)) and 23 (PBH(2D)) TIM sequences with undefined class categories in TIM40D with the same superfamily category, respectively. We observed 19 (PBH(1D)) and 26 (PBH(2D)) TIM sequences with undefined class categories in TIM95D with the same superfamily category. Therefore, it may be possible to infer the ENZYME functions for TIM barrel proteins with undefined class categories, especially for TIM95D, according to the classification results predicted by the proposed alignment approach. Table 13 also shows that 14% of 279 and 7% of 450 target and selected proteins belong to the same classification of the target protein. In our method, a PBH strategy is used to determine the prediction result of a target protein by selecting the protein that has the best score for the target protein according to this network. This score is calculated by a single parameter (sequence identity, secondary structure identity, or RMSD). For the sequence or secondary structure identity, the remaining protein with the highest score for the target protein is selected; for the RMSD, the remaining protein with the lowest score for the target protein is selected. For n proteins in the network, the time complexity is O(n 2 ) for n target proteins to find all selected proteins in this network using the PBH strategy owing to the bidirectional aspect of the network. We used Perl to implement the PBH finding program because it supports powerful data structures. The single parameter threshold was applied in this classification model. When a threshold is given for this approach, a target protein is assigned to a null situation as a false negative if the highest score of sequence identity or secondary structure identity (or lowest score of RMSD) for the target protein among all remaining proteins is less than (or larger than, for RMSD) this threshold. Although the overall prediction accuracy cannot be improved by the threshold concept, it may be decreased when an unfavorable threshold is given; however, the number of false positives may be reduced when an appropriate threshold is used. In other words, Precision values may be improved by the threshold concept. Nevertheless, an appropriate threshold is very difficult to attain for the classification problem in a practical setting. Therefore, in the experimental tests, an appropriate threshold was chosen after processing was complete. Using the threshold concept, we observed the best possible Precision values by this alignment approach and the properties of TIM barrel proteins. To experimentally test the novel TIM sequences from ASTRAL SCOP 1.73, the flow chart of the alignment approach with the PBH strategy is slightly different than that shown in Figure  6 . For this test, the input is the novel TIM sequences from ASTRAL SCOP 1.73; however, the alignment-based protein-protein identity score network is built by TIM sequences from ASTRAL SCOP 1.71. Therefore, the target protein is a novel TIM sequence from ASTRAL SCOP 1.73, and the remaining proteins are obtained from the TIM sequences (ASTRAL SCOP 1.71). All tools and materials used for this research are accessible from (Chu, 2011) .
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4.2
The alignment approach with the BHPB strategy PSI-BLAST is a position-specific iterative BLAST that results from refinement of the position-specific scoring matrix (PSSM) and the next iterative PSSM. The position-specific scoring matrix is automatically constructed from a multiple alignment with the highest scoring hits in the BLAST search. The next iterative PSSM is generated by calculating position-specific scores for each position in the previous iteration. PSI-BLAST is typically used instead of BLAST to detect subtle relationships between proteins that are structurally distant or functionally homologous. Therefore, it is possible to utilize PSI-BLAST as a filter prior to the PBH strategy, denoted the BHPB strategy. The BHPB strategy can filter out potential false positives, which may improve Precision values. The flow chart of the alignment approach with the BHPB strategy is also slightly different than that shown in Figure 6 . In the best hit strategy block, each target protein in the network is used to map a subset, but not all, of the remaining proteins in the network. This subset of remaining proteins is grouped from the network using PSI-BLAST method for the target protein.
Hence, the selected protein with the best score for any target protein by the BHPB strategy may not be the same as that by the PBH strategy.
Conclusion
At the amino acid sequence level, TIM barrel proteins are very diverse; however, these proteins contain very similar secondary structures. Our results demonstrate that the alignment approach with the PBH strategy or BHPB strategy is a simple and stable method for TIM barrel protein domain structure classification, even when only amino acid sequence information is available.
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